The Zr-Cu filler metal is mainly used for the joining of SiC ceramic as a nuclear fuel cladding material. The physical and chemical properties of the alloy, the interfacial reaction between the Zr-Cu filler metal and SiC ceramic, the residual stress of the SiC joint and the thermal neutron absorption cross section of the filler metal are considered during the design of the Zr-Cu filler metal. 80Zr-20Cu (wt%) is used as the filler metal in these experiments, showing good wettability and brazing properties with SiC ceramic.
Introduction
SiC ceramic has excellent mechanical properties, high temperature oxidation resistance, small thermal expansion coefficient and thermal stability.
1-3 As a nuclear fuel cladding material, SiC ceramic has sufficient strength, tightness and corrosion resistance, and can prevent the overow of ssion products effectively. 4, 5 At the same time, the SiC ceramic material can reduce the risk of hydrogen production by thousands of times, and provide protection similar to zirconium alloys for nuclear fuel. 5, 6 However, SiC ceramic has characteristics of poor toughness and machinability due to the strong covalent bonding; it is very difficult to prepare large and complex parts with SiC ceramic materials. So joining technology is the key to expand the application of SiC ceramic materials. [7] [8] [9] The active brazing 10 is the most effective method to joining SiC ceramic because of low cost and mass production. The composition and properties of the ller metal have an important inuence on the brazing joint. There are several brazing ller metals used for SiC brazing, such as Agbased, 11, 12 Cu-based, [11] [12] [13] Ti-based, 11, 12, 14 Ni-based 14, 15 and Cobased ller metals. 15 Among of them, brazed joints of the Agbased and Cu-based ller metals have poor properties at high temperature, Ti-based, Ni-based and Co-based ller metals with high thermal neutron absorption cross sections cause nuclear fuel waste and other undesirable effects. 16 Therefore, it is necessary to develop a new ller metal for brazing of SiC ceramic as nuclear fuel cladding material in order to obtain excellent joints with high temperature performance and low neutron absorption. In this paper, the design and brazing of a new type of Zr-Cu alloy ller metal are mainly investigated.
Design of Zr-Cu alloy filler metal
A new ller metal is designed for active brazing of SiC ceramic as nuclear fuel cladding material. In view of the contribution of Zr alloy as a cladding material for nuclear fuel, Zr-based ller metal is investigated. Zr element is a high-melting (1852 C), which needs to be added to the alloy with low-melting, while the ller metal has good high-temperature properties and the melting temperature in the range of 950-1200 C. Therefore, the Cu element is selected as the melting element. At the same time, the intermetallic alloys and compounds of the ller metal should be avoided as much as possible according to the phase diagram of Zr-Cu alloy, so Zr-Cu ller metal is put forward creatively. Moreover, the following factors should be taken into consideration in the design of Zr-Cu alloy ller metal:
(1) Interfacial reaction between SiC ceramic and Zr-Cu ller metal. The Cu element of the ller metal hardly reacts with SiC ceramics. However, Zr element, as an active element, has a complex chemical reaction with the interface of SiC ceramic during brazing. Interfacial reaction products have an important inuence on the properties of the SiC joint. The possible interfacial reactions between active elements Zr and SiC ceramic are shown in Fig. 1 . From thermodynamic analysis, the reaction of this chemical reaction (9) : SiC + 3Zr ¼ ZrC + Zr 2 Si has the lowest Gibbs free energy, and the DG are from À328.5 kJ mol À1 to À325.6 kJ mol À1 in the temperature range of 1100-1300 C. 17 Therefore, it is deduced that the products of interfacial reaction are mainly ZrC and Zr 2 Si. In addition, reaction products of the ZrC and Zr 2 Si are also oen used as nuclear fuel element materials, and have good nuclear performance and nuclear compatibility. 18, 19 For this reason, the performance of SiC joint can be effectively improved by forming a certain thickness of the interface reaction layer by chemical metallurgy.
(2) Residual stress of SiC ceramic joint. The residual stress of SiC ceramic brazed joints is inevitable, mainly due to the large difference of thermal expansion coefficient between ller metal and SiC ceramic. Therefore, the thermal expansion coefficient of raw materials is chosen as close as possible to SiC ceramic material. Thermal expansion coefficients of SiC ceramic and some materials are listed in Table 1 . The thermal expansion coefficient of Zr is 6.9 Â 10 À6 K À1 . Among the active elements, the thermal expansion coefficient of the Zr element is the closest to that of the SiC ceramic. Of course, the thermal expansion coefficient of Cu is larger, so the Cu content is reduced as much as possible so that the thermal expansion coefficient of ller metal is close to that of SiC ceramic. At the same time, the thermal expansion coefficients of the reaction products ZrC and Zr 2 Si are also close to that of SiC ceramic. (3) Thermal neutron absorption cross section. Brazing joint of SiC ceramic is a part of nuclear fuel cladding material, so ller metal should take into account the thermal neutron absorption cross section of the selecting element. Low thermal neutron absorption area will increase the utilization of nuclear fuel. Thermal neutron absorption cross section of zirconium and some materials are listed in Table 2. 16 From the 3 Study on wettability of Zr-Cu alloy (Fig. 2) is mainly composed of eutectic alloy, Zr and CuZr 2 . The wettability of 80Zr-20Cu (wt%) on SiC ceramic substrate is shown in Fig. 3 . Fig. 3(a) is obtained by high temperature wetting test, it is found that the 80Zr-20Cu (wt%) alloy can well wettability on SiC ceramic, and the wetting angle is about 34 at 1200 C. A good interface is formed between the ller metal and SiC ceramic during the process of high temperature wetting and spreading.
Brazing results
Brazing experiments were carried out with 80Zr-20Cu (wt%) alloy as ller metal and RBSiC ceramic as base material. A sandwich-style structure between the Zr-Cu alloy and two SiC ceramic was heated in the vacuum of 3 Â 10 À3 Pa at different brazing temperatures with the heating rate of 4 C min À1 , held for 20 min, and then at the same rate of the cooled to room temperature. The shear strength of the brazed joint at different temperatures is shown in Fig. 4 . It can be seen that the shear strength of the joint increases with the increase of the brazing temperature, and the shear strength of SiC joint that achieves the maximum at 1200 C is 57 MPa, and then decreases with the increase of brazing temperature. Therefore, the microstructure of SiC brazed joints at 1200 C is mainly discussed. Fig. 5 shows that microstructure and relevant EDS analysis of SiC ceramic joint brazed at 1200 C, it can be seen that ller metal can effectively ll the gap between SiC ceramic, and there are no pores and cracks in the brazed joint. Meanwhile, a good interface between Zr-Cu alloy and SiC ceramic is bonded. The phases of the joint are conrmed by the XRD patterns of Fig. 6 . The possible phases of the brazing layer are mainly eutectic alloy, CuZr 2 and Zr, and the main substances of the interfacial reaction layer are ZrC and Zr 2 Si. Therefore, the structures of the center of the brazing seam to the parent material are Zr-Cu/ Zr 2 Si/Zr 2 Si + ZrC/ZrC/SiC, successively (Table 3) .
SiC ceramic is a stable compound that is difficult to decompose at 1200 C. However, the SiC ceramic interface will become thermodynamically unstable and decompose when the SiC ceramic interface contacts with strong reactive elements such as Zr, Ti and Nb. 20 For this reason, the interface of SiC ceramics is rst decomposed into Si and C atoms (SiC ¼ Si + C) at joining temperature. The atomic radius Si and C are 0.146 nm and 0.091 nm respectively, which compared to the Zr atomic radius (0.216 nm) is very small, thus the small size Si atoms and C atoms can diffuse into Zr matrix to form a diffusion layer of solid solution. The Si and C atoms precipitate from the Zr matrix when they reach the supersaturated state in Zr atom. From thermodynamic analysis, the reaction of this chemical reaction (SiC + 3Zr ¼ ZrC + Zr 2 Si) has the lowest Gibbs free energy, it is inferred that the stability of the carbides and silicides by the reaction of SiC and Zr is higher than that of the single carbon and silicon. Therefore, the precipitated C and Si atoms are more inclined to combine with Zr element to form ZrC and Zr 2 Si phases. 
[C] + Zr / ZrC
[Si] + 2Zr / Zr 2 Si In general, the thermal expansion coefficient between SiC ceramic and brazing alloy is quite different, which leads to the larger residual stress of the brazed joint. The thermal expansion coefficient of the ller metal measured by the hot expand coefficient measure instrument is 7. Therefore, the gradient transition of the thermal expansion coefficients of Zr-Cu/Zr 2 Si/ZrC/SiC are formed, which can effectively relieve and release the residual stress of the welding process and improve the performance of the SiC ceramic joint.
Conclusions
The design of Zr-Cu alloy ller metal was applied to active brazing of SiC ceramic as a nuclear fuel cladding material. The safety, interface reaction, residual stress, thermal neutron absorption cross section of the SiC ceramic joint should be considered in the design of the ller metal. 80Zr-20Cu (wt%) alloy ller metal has good wettability and brazing property for SiC ceramic at 1200 C. The active element Zr plays an important role in the interfacial reaction of SiC ceramic, and the interface compounds are mainly ZrC and Zr 2 Si. An essentially layered structure Zr-Cu/Zr 2 Si/ZrC/SiC are from the center of brazing seam to parent material, forming a gradient transition of the thermal expansion coefficients can effectively relieve and release the residual stress of brazed joints.
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